Background: The genetic factors involved in determining bone mineral density (BMD) have not been fully elucidated. We have begun genetic linkage analysis of seven families in which many members are osteopenic, in order to identify chromosomal loci that are potentially
INTRODUCTION
Bone mineral density (BMD) measurements are a quantitative assessment of the mineral content of the skeleton. The BMD of the lumbar verte- (4) (5) (6) , and the rate at which mineral is lost from the skeleton during aging (7, 8) . Although many factors can influence these two determinants of BMD, evidence from studies of twins (9) (10) (11) (12) , mother/daughter pairs (13, 14) , and parent/offspring pairs (1 5) suggests that genetic factors play a major role (16) . Studies of heritable disorders such as osteogenesis imperfecta (01) (17, 18) and vitamin D-dependent rickets type II (19) demonstrate that mutations in the type I procollagen genes (COLlAl and COL1A2) and the vitamin D receptor gene (VDR) cause abnormal bone. However, collagen gene defects account for only a small fraction of familial osteoporosis (20) , and despite the association between VDR genotype and low bone density observed in some populations (21, 22) , no mutation has been found that causes low BMD. Since fractures caused by low BMD are a major source of morbidity and health care costs in the elderly, it is important to define other genetic factors that might be involved in controlling BMD.
One approach to identifying genetic factors involved in complex traits has been genetic linkage analysis. Linkage analysis requires that an identifiable status or trait be present in multiple family members and that the structure of the families be informative. To 
Statistical Methods
The age-, gender-, and weight-adjusted BMD Z scores for the spine were plotted, and a likelihood ratio test using first the NOCOM program (24) and then the ILINK (25) program was applied to determine whether a single distribution or a mixture of two distributions best described the BMD data. NOCOM does not consider familial relationships; hence ILINK, which does consider relationships, was used to refine the analysis. Means and standard deviations for the two components of the distribution were estimated using the ILINK program. Multiple regression was performed using the FASTAT statistics software package (Systat, Inc., Evanston, IL, U.S.A.) on the spinal BMD with age, height, weight, and VDR genotype as independent variables.
Simulation Study
The corrected spinal BMD Z score was chosen as the phenotypic variable on which to evaluate linkage in the simulation studies because the high trabecular bone content of the vertebrae renders this site more sensitive to change (26) and because determination of spinal BMD is technically the most reproducible (27) . Genotypes were simulated using the SLINK program (28, 29) 
RESULTS

Defining the Test Trait
The seven families in this study were chosen based on the size and availability of the family as well as the clinicians' foreknowledge of multiple members with low bone density. The individual who was evaluated first in each family was designated as the proband (Fig. 1, arrows) . The ethnic backgrounds were as follows: French Canadian (Families 01 and 07), Greek (Families 02 and 04), Jewish (Families 03 and 06), and unknown (Family 05). There was no evidence of osteogenesis imperfecta in the probands as indicated by sclerae that were white, stature that was normal, and absence of a family history of childhood fractures and dental abnormalities. The probands had a diagnosis of osteoporosis on the basis of spinal BMD value >2.0 SD below the young-adult mean, or radiographic evidence of osteopenia together with the presence of pathological fractures and unremarkable biochemical studies. However, for the purpose of this genetic study we did not use the physician's diagnosis of presence or absence of osteoporosis to define status in family members. Rather, we used the age-, gender-, and weight-adjusted Z score for spinal BMD as the trait on which to base all analysis.
For purposes of illustration, in Fig. 1 , the adjusted spinal Z score is indicated by the extent to which a symbol is filled, an unfilled symbol indicating Z > -1.00 and a completely filled symbol indicating Z < -2.5. Of the 143 individuals evaluated, 37 Commingling analysis (25) , performed on the distribution of adjusted spinal BMD Z scores after exclusion of the probands, demonstrated that a mixture of two components provided a better fit to the Z score distribution than a single component with a unimodal distribution (Fig. 2) . The X2-statistic of 13.9 (2 df) has an associated p value of 0.001 (37) , and, therefore, supported the hypothesis of two components. This result satisfied a necessary condition for assuming the presence of genetic factors that determine BMD and suggested a monogenic mode of inheritance. The individuals in the two groups defined by the bimodal distribution could be taken to represent distinct genotypic classes at an underlying genetic locus and provide the basis for defining the test trait. Estimated by the ILINK program (25) , the means of the two distributions were -0.004 and -1.656, with a common SD of 0.917.
Simulation of Linkage
Based on the outcome of the commingling analysis of the spinal Z-score distribution, we assumed that the transmission of BMD followed an autosomal dominant mode of inheritance, with the allele predisposing to low BMD having a frequency of 0.01. The mean Z score of -0.004 was used for individuals who were homozygous for the normal BMD allele, and the mean Z score of -1.656 was used for heterozygotes or homozygotes for the low BMD allele. Simulation analysis was carried out as described in Materials and Methods. The analysis was performed on each family individually, as well as for all seven families combined, since it is not known if the same locus is involved in determining BMD in more than one family. The results are presented as the average and maximum lod score for different values of the recombination fraction (Table 1), and as the probability that the maximum lod score exceeds a given constant ( Table 2 ). The average lod scores are indicative of the information content of these pedigrees for linkage analysis, and the probability that the maximum lod score exceeds a given constant is a direct estimate of the power of the analysis. The analyses indicated that there was a 52% probability of obtaining a lod score >+3.00 and a 73% probability of obtaining lod score >+2.00 for a true value of 0 = 0.05, if the initial assumptions were correct. For a true value of 0 = 0.01, the probability of obtaining a lod score >+3.00 was 74% and of obtaining a lod score >+2.00 was 89%. Families 02, 04, and 07 are each of suitable structure and size to yield lod scores of >+2.00.
The probability of obtaining a false positive result is represented by the percentage of maximum lod-score values >3 when 0 = 0.50. In our study this was found to be 0. (20) . No mutation was found, and the presence of a polymorphism indicated that both alleles were expressed. From these results we conclude that COLlAl and COL1A2 are not linked to the low spinal BMD trait in these families with the possible exception of COL1A2 in Family 03.
The procollagen II (COL2AI) gene is located at 0 recombination distance from the VDR locus (38) . A VNTR in the 3'-untranslated region of COL2A1 (35, 36) was used as a marker for linkage to VDR. Results are shown in Table 3 . There is no evidence for linkage to VDR with the possible exception of Family 06 (lod = 0.79). Overall, linkage was excluded with a total lod score of -3.40 at 0 = 0. Family 04 was assayed for several other markers in the 12ql2-ql4 interval of chromosome 12 (D12S61, D12S62, D12S87), and the lod scores were <-2.00 (Spotila, unpublished). Thus, with the possible exception of Family 06, we conclude that there is no evidence for linkage of the low BMD trait to the VDR locus.
Recently, the VDR genotype was reported to be associated with BMD and to account for up to 75% of the genetic effect on spinal bone density in a randomly selected Australian population as well as a population of Australian twins (21) although Hustmyer et al. (22) failed to observe a similar association in a group of American twins. The VDR genotype associated with low bone density in the Australian group was identified by the absence of a polymorphic BsmI restriction endonuclease site (designated BB) (21) . Therefore, we determined the VDR genotype (i.e., BB, Bb, bb) in 114 individuals from the seven pedigrees as described in Materials and Methods. Multiple regression was then performed on the data from men and women individually using spinal BMD as the dependent variable and age, height, weight, and VDR genotype as the independent variables (Table 4 ). The coefficients for VDR genotype were not significant in the regression equations, and the VDR genotype accounted for only 0.7% of the variance in spinal BMD in men and 1.2% in women (Table 4 ). The mean (±+SD) spinal Z score for each genotype was as follows: -0.919 (±1.286) for genotype BB, -0.931 (±1.262) for genotype Bb, and -1.221 (±1.448) for genotype bb. Although there is a trend toward lower Z score with the bb homozygote, these differences were not statistically significant.
DISCUSSION
Genetic linkage analysis is a powerful tool that has contributed greatly to the identification of genes involved in many single gene disorders such as cystic fibrosis, neurofibromatosis and fragile X-linked mental retardation (39) . More recently, linkage analysis has been used to identify genetic loci involved in diseases that appear to have both complex genetic causes and substantial environmental influences. Examples are familial breast cancer (40) , colon cancer (41) , diabetes mellitus (42) , and hypertension (43) . The success of the search for disease-causing genes requires suitably large families in which the status of individuals can be ascertained with reasonable confidence. In this study, we have used the age-, weight-, and gender-adjusted spinal BMD Z score as the quantitative phenotypic trait on which to base a genetic analysis. Because this is a quantitative variable, it is more informative than dichotomization into affected and unaffected clinical status. Since each individual has a BMD value, each individual is potentially informative. In this study of 143 family members, 37 individuals were identified who had spinal BMD values more than 2 SD below the age-, weight-, and gender-matched population and an additional 18 were 1.5-2.0 SD below. More than 50% of these individuals had a history of one fracture, but many were asymptomatic.
In the seven families described here, genetic factors appear to be important in causing low BMD for several reasons. Firstly, individuals in multiple generations have low BMD, suggesting that factors in addition to environment are involved. Secondly, transmission appears to be Mendelian, from affected parent to child, suggesting a dominant mode of inheritance. The observation of a bimodal distribution of adjusted spinal Z scores is also consistent, although it does not prove a dominant mode of inheritance. Thirdly, the number of men and women affected is approximately equal, thus indicating that estrogenic/androgenic-related factors and X-linked inheritance do not fully account for the observations. Finally, some relatively young individuals were found to have adjusted Z scores of <-2.00, consistent with there being a defect in the attainment of peak bone mass. Overall, however, there is an age bias toward lower adjusted BMD Z scores in older individuals. This may indicate that the rate of bone loss in these families is also affected by genetic factors.
The statistically significant outcome of the commingling analysis on the age-, gender-, and weight-adjusted spinal BMD Z scores (p = 0.001) supports a monogenic inheritance mode of the low spinal bone density trait in these families.
The suitability of the seven families for linkage analysis was determined by computer simulation. This type of analysis is useful for determining the probability of detecting linkage given a particular set of data prior to carrying out molecular analyses. In the past, one limitation to (32, 39, 44) the main limitation has become the composition to give lod scores approaching availability of suitable pedigrees. Here, the ex-+ 3.00. When all families are considered, the pected lod scores were computed for each family probability of obtaining a significant lod score Before beginning a genome-wide screen for linkage, we tested whether the low BMD trait was linked to COLlAl, COL1A2, or VDR under the assumed monogenic mode of inheritance. The results of assaying several polymorphic markers either within or near these loci have permitted the exclusion of these loci in some families. Moreover, there is no evidence for linkage to these loci. The one slightly positive lod score of +0.81 for COL1A2 in Family 03 was below the theoretical maximum that could be obtained from this family (+ 1.5 5, Table 1 ). However, upon sequencing the COL1A2 cDNA from individual II-4, no mutation was found and both alleles were expressed (Zhuang and Spotila, unpublished). Therefore, the COL1A2 gene does not appear to be responsible for the low bone density in this family.
Even though linkage to VDR was not observed, it is theoretically possible that the VDR genotype might be associated with the low bone density trait in these families. However, multiple regression analysis suggested that VDR genotype accounted for only 0.7 and 1.2% of the variability of spine BMD in men and women, respectively. These results disagree with the association of low BMD at either the spine or the femoral neck with the BB genotype observed by several groups (21, 45, 50) , but the results here support the negative findings of other groups (22, 51, 53) . Several possible explanations can be offered: (1) the contribution of VDR genotype is minor in these families and thus overwhelmed by the other genetic effects; (2) our study population is not random; (3) statistical models used in other investigations cannot be applied to a family group; or (4) the contribution of VDR genotype to BMD may vary in diverse ethnic groups.
There are a vast number of additional genes that might be considered good candidates affecting low bone density. Thus, we are continuing this analysis by performing a genome-wide screen using highly informative micro-satellite repeats at approximately 10-cM intervals.
